Diamond coated cutting tools have been pursued as a costeffective substitute to brazed polycrystalline diamond (PCD) tools in applications such as machining high-strength and lightweight materials. However, coating delamination has been known as the major failure mode of diamond coated tools, which terminates tool life prematurely. Once delamination failure occurs, the tool substrate often subjects to severe abrasive wear leading to catastrophic tool failures that imparts the part quality and interrupts machining operations. Hence, accurate detections and forecasts of coating delamination events can prevent production loss and assist process planning. In this study, the characteristics of acoustic emission (AE) signals when machining a high-strength aluminum alloy and a composite using diamond coated cutting tools were investigated. The AE signals were analyzed in both time and frequency domains at various machining conditions and different cutting times. It was found that AE root-mean-square values decrease considerably once coating delamination occurs. The results also indicate a correlation between the tool condition and fast Fourier transformation (FFT) spectra of AE raw data. In addition, the machining experiments implied that it may be feasible to use AE signals to monitor the condition of diamond coated tools during machining.
INTRODUCTION
Acoustic emission (AE) refers to the transient elastic waves generated during the rapid release of energy from a localized source within a solid. For metallic materials, acoustic emissions may be associated with plastic deformation, initiation and propagation of cracks, and friction, etc. Since late 1960s, AE has been widely used to detect cracks in pressure vessels, bridges, hydroelectric dams, and composite laminates, etc. [1] . Among the wide range of non-destructive evaluation techniques for detecting cutting tool conditions, AE has been recognized as a feasible method for in-process tool wear monitoring due to its great sensitivity to tool wear [2] . In machining, AE signals can be easily distinguished from signals associated with machine vibrations and ambient noise because of its high-frequency nature, e.g., from order of 10 kHz to MHz [3] .
A considerable amount of efforts has been devoted to exploring the relationship between acoustic emission signals and cutting mechanics. Dornfeld and Kannatey performed orthogonal cutting tests, varied the process parameters and recorded the acoustic emission signals generated [4] . The authors indicated that strong dependence of the AE root-meansquare (RMS) voltages on both the strain rate and the cutting speed was observed. Other studies also claimed that AE-RMS values increase almost proportionally with the cutting speed, while the effects of the depth and width of cut are marginal [5] . Regarding to tool wear effects, Iwata and Morikawi reported that the AE-RMS increased significantly as the carbide tool was severely worn in machining carbon steel [2] . It was further shown that the flank wear progression has a more significant effect than the cutting speed on the RMS values and that the AE-RMS stabilizes after the initial increase that is due to the run-in stage of tool wear.
According to Dornfeld and Lan, tool fracture and catastrophic failure followed by the nucleation and growth of cracks inside a tool generate burst AE signals [3] . Dissimilar to continuous AE signals, burst signals feature a short rise time and then an exponential decay attributed to crack propagations. Lan and Dornfeld reported that the AE power spectrum exhibits high amplitude at a specific frequency range during the tool fracture [6] . However, chip breakages and entanglement with the tool can also produce burst signals of high amplitudes. In addition, AE signals have also been examined in discontinuous chip formations during machining of, e.g., titanium alloys. Mukhopadhyay, and Venugopal have also found that AE signals increase considerably with the cutting speed, whereas elevated cutting temperatures have an opposite effect [7] . Moreover, the authors pointed out that the AE magnitudes will increase abruptly once a certain amount of tool wear is reached.
Cutting tools with various coatings and enhanced wear resistance have gained more applications than uncoated carbide counterparts. Common coating materials include titanium nitride (TiN), titanium carbide (TiC), composite ceramics, and multi-layer coatings. Since different tribological contact conditions occur at the tool-work and tool-chip interfaces with the progression of tool wear, the AE signals are expected to show different characteristics, which may provide tool users a plausible methodology to assess the tool wear condition for coated cutting tools. Somasundaram and Raman conducted machining tests using AISI 4340 steel with four different types of coated tools. The authors noted that AE RMS varied with the coating type and did not necessarily increase with tool flank wear [8] . Moriwaki and Tobito reported that there was a transition from the burst-type to the continuous AE RMS amplitude with the progression of tool wear. In addition, the RMS values increased in both amplitude and fluctuation as the tool was about to reach the end of its life [9] . Cho and Komvopoulos performed the frequency analysis of the AE signals collected when machining AISI 4340 steel using coated tools [10] . Their results indicated that plastic deformation in the primary and secondary shear zones generated low-frequency continuous signals, whereas coating delamination and WC grain pull-out resulting from tool wear produced highfrequency burst-type signals.
In recent years, chemical vapor deposition (CVD) diamond coatings have been emerging as a suitable tooling option for machining high-strength Al-Si alloys and aluminum matrix composites. Several previous experimental investigations have proved coating delamination is the dominant mechanism that dictates the life of diamond coated cutting tools [11] . Review of the literature indicates limited understanding of the AE characteristics and their relationship with the wear and failure mechanisms of coated cutting tools. Hence, the primary objective of this study is to examine the AE signals produced when using diamond coated tools in machining aluminum alloys and composites, and to correlate the AE characteristics with the tool conditions, e.g., coating failures.
EXPERIMENATL DETAILS
Outer diameter turning was conducted using nanostructured diamond (nano-diamond) coated cutting tools in a CNC lathe. The nano-diamond coated cutting inserts, with SPG422 specification (square shape, 12.7 mm inscribed circle, 3.2 mm thickness, and 0.8 mm nose radius), had a 0 o rake angle, 11 o relief angle, and 75 o lead angle when mounted on a tool holder used (CSRNL-164D). The workpieces were round bars made of A390 alloy or A359/SiC-20p composite. A390 is a high Si, ~16 to 18 wt.% aluminum alloy. Machining parameters used consisted of two levels of the cutting speed and two levels of the feed. The depth of cut was kept constant. For A390 machining, cutting speeds were 3.3 m/s and 10 m/s, feeds were 0.2 mm/rev and 0.8 mm/rev, and the depth of cut was 2 mm. For composite machining, cutting speeds were 4 m/s and 8 m/s, feeds were 0.15 mm/rev and 0.3 mm/rev, and the depth of cut was 1 mm. An AE sensor was employed to acquire data, both AE-RMS (root-mean-square value) and AE-RAW (raw data), during the entire machining operation. The sensor used was 8152B Piezotron acoustic emission sensor from Kistler, and the signal was first fed into a coupler, Kistler 5125B, for amplification and post-processing. The time constant for the RMS values was 1.2 ms. The resulting AE-RAW and AE-RMS were digitized using an IOtech high-speed DAQ3000 PCI board at 500 kHz sampling rate per channel. MATLAB and PostView (from IOtech) were used for data processing. During machining testing, the cutting inserts were periodically removed and inspected on tool wear conditions by optical microscopy. In addition, cutting forces were also monitored during machining using a Kistler force dynamometer. 
RESULTS AND DISCUSSION

Effect of machining parameters on AE characteristics
The effect of cutting conditions on the initial cutting force was evaluated first, compared in Figure 2 ; F r , F t , and F a denote the radial, tangential, and axial components of cutting forces, respectively. Consistent with known metal cutting principles, all cutting forces increase dramatically with the feed, while cutting forces reduce slightly with the increase of the cutting speed. AE signals, in RMS values, for fresh tool cutting at the four conditions were plotted in Figure 3 . In contrast to the cutting forces, the cutting speed has a dominant effect on the AE-RMS amplitude, whereas the effect from the feed is marginal. As the cutting speed increases, the rate at which plastic deformation and chip breakage occur increases accordingly. Hence, the AE-RMS amplitudes increase proportionally. This observation agrees with other studies [4, 5, and 8] . In order to examine the evolution of AE characteristics with the tool condition, the most aggressive condition, i.e. 10 m/s and 0.8 mm/rev, in A390 turning test was selected for longduration machining with AE signals continuously collected. The total cutting time until tool failure (coating failure) was about 9 minutes. Note that the nano-diamond coated tools used in this study was in the research and development stage, and variation of machining performance of tools between different batches were noted [11] . During the machining test, the cutting insert was inspected every five passes to observe tool wear conditions and to measure the width of the flank wear-land. It was observed that some amount of work material, i.e. A390 alloy, accumulated on the tool surfaces, rake and flank, and went away periodically. In order not to interfere the tool conditions, measurements were attempted with deposit included. Figure 4 plots the measured wear-land size vs. cutting time. Figure 5 is a scanning electron microscopic (SEM) image of the cutting tool in the end of machining test. It can be seen that coating delamination at the flank surface extended beyond the tool-workpiece contact and the deposit partially covered the wear-land. Moreover, surprisingly, the coating at the rake face remained intact with noticeable delamination. The history of cutting force at this specific cutting condition is plotted in Figure 6 . Evidently, all three cutting force components increased slightly with the progression of the turning test. For comparison, Figure 8 shows the AE-RMS response in A390 machining using an uncoated carbide tool during the first pass at the same cutting condition. Because of the aggressive machining condition used, the flank wear-land width reached over 0.5 mm. Figure 9 shows the variation of the AE-RMS with the cutting time (average at each cutting pass). The AE-RMS value remained at 8 V with 0.5 V deviations before the last pass (normal gradual wear condition), while suddenly dropped below 6 V in the last pass when the tool failed. When machining A390 using an uncoated carbide tool, the tool wear, though rapid, evolved in a graduate manner. However, unlike plain carbide tools, diamond coated tools do not go through gradual growth of the tool wear. However, repeated accumulation and removal of work-material deposits alter the tool-workpiece contact conditions, which may lead to the fluctuation of AE-RMS amplitude. Once the diamond coating delaminated from the substrate, the substrate material, i.e. tungsten carbide, experienced rapid abrasion accompanied by massive deformation of the tool nose, and the wear-land size increased dramatically within a short time. The cutting energy consumed as chip formation was then reduced significantly and tool-work contact friction was augmented. It has been proved that chip formation plays a dominant role in the overall amplitude of AE signals [10] . On the other hand, it was reported that increasing the cutting temperature decreases acoustic emissions [7] . The intensified rubbing at the tool-work and tool-chip interfaces led to a significant increase of frictional heat. This may explain the sharp fall of the AE-RMS values after coating failure. On the other hand, the transition of the contact pair, from A390 alloy against coating to A390 alloy against the carbide, may also result in the AE-RMS reduction [10] . Figure 9 . Changes of AE-RMS amplitudes along with the cutting time. Figure 10 plots overlapped AE-RMS amplitudes vs. cutting time at two passes: initial and final cutting. It can be noted that the AE-RMS decreased significantly in the last pass. In addition, the parabolic profile during the failing pass is similar to the result in machining using an uncoated carbide tool. In addition, frequency analysis was performed by applying Fast Fourier Transformation (FFT) to the raw AE signals. Figure 12 shows the FFT frequency spectrum of the AE raw data from fresh tool cutting. The frequency component with the greatest amplitude is around 25 kHz, which is associated with the formation the saw-toothed chip [10] . As indicated, chip formation and fragmentation play a dominant role in the frequency response. Figure 13 reveals the transition of the FFT frequency spectra between initial cutting and the tool failure cutting. It can be observed that additional high-frequency peaks, e.g., around 140 to 160 kHz, appeared after the tool failed (549 s of accumulated cutting time). During machining, if the coating is detached from the tool substrate, significant intensification of the rubbing of the tool substrate against the machined surface will cause additional high-frequency components. Such highfrequency peaks did not appear in the previous pass, 525 s of total cutting time, Figure 14 . It has also been attempted to capture the transition point, during the tool failure pass, at which the high-frequency components emerged. Figure 15 is the raw AE response during the tool failure pass. The AE raw signals acquired from this pass was further divided into 6 segments with equal time, i.e., 1 s per segment. For each individual segment, a separate FFT was performed. The results show all 6 segments have very similar spectra. Figure 16 shows the FFT spectra of the 1st and 2nd second cutting in this pass, both sharing the same high-frequency pattern. Therefore, it is speculated that the coating failed at the very beginning of the tool failure pass, possible when the tool was first engaged with the workpiece. This may be attributed to the brittle nature of the diamond coating, which leads to poor impact resistance. Figure 16 . FFT spectra of first two seconds raw AE signal during the tool failure pass. AE characteristics in machining composite using nano-diamond coated tools
In machining A359/SiC-20p by nano-diamond coated tools, the AE raw signals have a similar pattern as in machining A390 alloy, nearly constant through the cutting. In addition, comparisons of AE results between different machining conditions show that the trend of cutting parameter effects on AE signals is the same as in A390 machining. Figure 17 shows one example of AE-RAW signals from initial cutting at 8 m/s and 0.3 mm/rev. The lower amplitude is probably due to the differences in contact characteristics between diamond-A390 and diamond-composite. At the most aggressive cutting condition, i.e., 8 m/s and 0.3 mm/rev, the cutting tool failed around just 25 s with a large patch of coating delaminated at the tool flank surface, observed at an optical microscope. Figure 18 presents the raw AE signal during the tool failure pass. It is noted that AE amplitudes reduced noticeably during the cut, indicating some significant events took place in the tool and tool-workpiece as well as toolchip contacts. Figure 19 overlapped the AE-RMS amplitudes between initial cutting and tool failure cutting, clearly showing that coating failure effects on the AE-RMS amplitudes. Testing was duplicated and the result showed that tool wear effects on AE-RMS (AE-RAW too) are qualitatively repeatable, decreasing noticeable after coating delamination. Figure 18 . Raw AE signals in the tool failure pass. In addition, FFT of AE-RAW signals was conducted as in A390 machining. Figure 20 compared the FFT spectra of initial cutting and tool failure pass. As noted in Figure 20 (a), i.e., initial cutting, the dominant peak appears around 25 kHz, which again is associated with chip formations. The remaining low-amplitude but high-frequency components were due to tool-chip/workpiece friction, and possible fracture of the reinforcement phase, SiC particles, in the work material. For the tool failure pass, Figure 20(b) , the amplitude of AE signal decreased significantly. A359/SiC-20p is much more abrasive than A390 alloy because of the hard SiC particles reinforced. If the diamond coating is removed from the tool substrate, the chip formation and fragmentation process was subsided dramatically and more energy was consumed to overcoming the rubbing of the substrate material against the machined surface. Again, FFT was conducted at different cutting intervals, every one second) to examine the evolution of AE signals which may be related to significant tool condition changes. Unlike in A390 machining which showed distinct dominant frequency component when the coating failure occurred, all different intervals have the same or similar peaks. However, the relative intensity changes noticeably. The amplitude of lowfrequency peaks (~25 kHz) reduced along the cutting time, but the amplitude of high-frequency peaks (~125 kHz to 150 kHz) increased along the cutting time. Figure 21 plots the transient cutting forces of radial and tangential components in the tool failure pass (Note that F a , not plotted here, is close to F r ). It is noted that the cutting forces began increasing dramatically after about 2.5 seconds of cutting, indicating possible diamond coating failure, which was confirmed by optical microscopy. 
CONCLUSIONS
Coating delamination is the primary failure mechanism of diamond coated cutting tools in machining. In this study, cutting experiments were designed and conducted to investigate acoustic emission (AE) signals generated during machining A390 alloy and A359/SiC/20p composite using nano-diamond coated cutting tools. AE signals were collected and analyzed in the time domain in terms of the amplitude of raw signals and root-mean-square values, also in the frequency domain using fast Fourier transformation. The results are summarized as follows.
(1) Dissimilar to the effect of process parameters on the cutting force, the amplitude of AE signal increases significantly with the increase of the cutting speed, whereas the effect of the feed is marginal. On the other hand, the chip formations and fragmentations have a dominant effect on the generation of AE signals as well.
(2) AE RMS values decreased significantly after coating delamination failure of the cutting tool in both A390 and A359/SiC-20p composite machining. Once the coating was detached, the carbide substrate around the tool nose area was subject to massive material loss arising from severe abrasive wear, which influenced the chip formation signals and in turn led to the reduction of AE-RMS values. The transition of contact nature, i.e. from coating-workpiece to carbide-workpiece may also contribute to the AE-RMS reductions.
(3) Coating delamination and subsequent catastrophic tool failures may trigger intensification of high-frequency components in the FFT spectrum of AE signals, while the low-frequency components due to chip formation were reduced due to tool wear.
(4) The frequency analysis of AE signals indicates the transition nature of the spectrum in terms of both amplitude and peak distributions. This implies that AE signal may be a suitable technique to monitor the condition of diamond coated cutting tools in machining.
